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Simulating Atrazine Transport Using Root Zone Water Quality Model
for Iowa Soil Profiles
A. S. Azevedo,* R. S. Kanwar, P. Singh, L. Ahuja, and L. S. Pereira
ABSTRACT
The pesticide component of the Root Zone Water Quality Model
(RZWQM) was calibrated and evaluated for two tillage systems: no-till
(NT) and moldboard plow (MB). The RZWQM is a process-based
model that simulates the water and chemical transport processes in
the soil-crop-atmosphere system. Observed data on atrazine concentra-
tions in the soil profile, for model calibration and testing, were obtained
from a field study in Iowa.
Two statistical parameters, maximum error (ME) and coefficient
of determination (CD), were used to evaluate the ability of the RZWQM
to predict atrazine concentrations in the soil profile. The ME, CD, and
other statistical tests indicated that there was a significant difference
between predicted and observed atrazine concentrations. Comparison
of simulated vs. observed atrazine concentrations with 1:1 line showed
that atrazine concentrations were overpredicted, especially in the later
part of the growing season. However, the model correctly predicted
depth of atrazine penetration in the soil profile. Also, the range
of predicted atrazine concentrations was within the same order of
magnitude as observed concentrations. Although observed atrazine
concentrations were usually higher in surface layers under MB than
in NT treatment, the model did not show any consistent tillage effects
on atrazine distribution in the soil profile. The results from this
simulation study indicated that the following factors may be critical
and should be considered when simulating pesticide transport in the
subsurface environment: (i) macropore flow, (ii) variation in KK and
pesticide half-life with depth, and (iii) interception of pesticide by
surface residue during application.
THE USE OF PESTICIDES since the 1940s has greatlyincreased the quality and quantity of food to feed
the growing world population. Today, more than 500
different formulations of pesticides are being used in our
environment and agriculture holds the largest single share
of pesticide use. The negative impacts of pesticide use
to human health and the environment have been a source
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of concern. In addition to the concern for the acute and
chronic toxicity of pesticides, their potential as carcino-
gens and their presence in the surface and groundwater
sources have raised questions about their continued use in
agriculture. Although, the use of pesticides is extremely
important to the efficient production of high quality food,
effective management techniques need to be developed
to mitigate adverse environmental impacts associated
with traditional pesticide use.
Atrazine (2-chloro-4-ethylamino-6-isopropylamino-
1,3,5 triazine) is the most widely used herbicide for corn
(Zea mays L.) production in Iowa. According to several
studies (Hallberg, 1989; Stoltenbergetal., 1990) atrazine
is one of the most frequently detected compounds in
groundwater generating serious environmental and health
concerns.
Several studies have been conducted on pesticide moni-
toring under field conditions (Croll, 1991; Gomme et
al., 1991; Williams et al., 1995). Other studies have
indicated that surface-applied chemicals can be rapidly
transported to deeper soil depths and even to shallow
groundwater systems (Everts and Kanwar, 1994; Isensee
et al., 1988; Kanwar et al., 1993). The rapid movement
of herbicides to shallow groundwater has been demon-
strated to occur by the preferential flow of solutes
(Kanwar, 1991; Kanwar et al., 1993; Everts and Kanwar,
1994). Tillage practices disturb preferential flow paths
and no-till practices may enhance preferential pesticide
movement compared to moldboard plow. Weed et al.
(1995) reported the effects of various tillage practices
on the movement and distribution of herbicides in the
root zone soil.
Evaluation and assessment of the impacts of agricul-
tural management practices on fate and transport studies
can be accomplished in two possible ways: (i) by collect-
ing large volumes of field data over a long period of
time or (ii) by developing and testing computer simulation
models based on existing knowledge of science. The
latter approach can be more economical, faster, and
environmentally safe in comparison with large-scale field
experiments. Nevertheless, testing and evaluation of
computer models require the use of extensive field data
Abbreviations: RZWQM, Root Zone Water Quality Model; NT, no-till;
MB, moldboard; ME, maximum error; CD, coefficient of determination;
PETG, polyethylene terephthalate, glycol-modified.
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to ensure that models are reliable for the prediction of
management effects. There are numerous models avail-
able for simulating the movement and fate of water and
agricultural chemicals through the soil profile. A short
listing includes GLEAMS (Leonard et al., 1987), OPUS
(Smith and Ferreira, 1986), PRZM (Carsel et al., 1984)
and LEACHM (Hutson and Wagenet, 1992). Each repre-
sents water and chemical movement in soil to a varying
degree of complexity. But none of these models are
designed to simulate the effects of tillage practices on
pesticide fate and transport in the soil-water system.
The RZWQM (USDA, 1994) includes a comprehensive
approach to simulate the tillage effects on water and
pesticide transport through the soil profile. The specific
objectives of this research were to: (i) calibrate the
pesticide component of the RZWQM using field mea-
sured data on atrazine transport under moldboard (MB)
and no-tillage (NT) systems for the 1990, and (ii) evaluate
the RZWQM by predicting soil atrazine concentrations
under MB and NT systems and comparing them with
field-measured atrazine concentrations for 1991 and
1992. The calibration and evaluation of the model were
conducted using 3 yr (1990-1992) of field data from 
ongoing water quality research site at Nashua, IA.
MODEL DESCRIPTION
The RZWQM, version 2.5, is a one-dimensional (vertical
in the soil profile) model that simulates the physical, chemical,
and biological processes in the root zone (USDA-ARS, 1994).
In addition to planting and harvesting, the RZWQM accommo-
dates the following important management practices: tillage
events, fertilizer applications, pesticide applications, mode of
chemical application, and irrigation, including fertigation and
chemigation. By incorporating all these practices into the
model, RZWQM is able to closely simulate many of the
processes that occur in a field during a normal growing season,
as well as the effects of the interactions between multiple
management practices.
Tillage operations are assumed to change soil bulk density
and macroporosity, and incorporate plant residues into the
soil, which in turn change the soil hydraulic and other proper-
ties. The soil is loosened and bulk density is decreased within
the tilled zone as a result of tillage. The tilled zone is assumed
to reconsolidate with time as a function of rainfall energy and
amount received after tillage.
Also, the possibility for crop rotation is an important feature
in RZWQM that allows the user to simulate many different
crop combinations on a continuous basis. The RZWQM also
accounts for rainfall intensity, rather than just the daily rainfall
amount..
Singh et al. (1996) have described the various hydrological
processes in the RZWQM in detail. A brief description of the
data input needs is given in the following section. However,
for more information about the RZWQM model, the user’s
manual and the technical documentation of RZWQM should
be consulted (USDA-ARS, 1992a,b).
Input Data Required by RZWQM
This section describes the major input data required by
RZWQM to simulate the movement of pesticides through the
soil profile.
Meteorological Data. The model requires daily values for
minimum and maximum temperature, wind speed, incoming
short wave solar radiation, pan evaporation and relative humid-
ity. For Nashua experimental station, data on wind speed and
pan evaporation were not available and were, consequently,
estimated by the model. The model assumes a value of 100
km/d for wind speed, and uses short wave solar radiation to
estimate pan evaporation. All other data were measured and
used as model inputs.
The rainfall data required by RZWQM has to be in the
form of breakpoint rainfall data. The raintfall is organized
into individual storm events, with the information on rainfall
intensity and duration. If a given rainfall event is plotted
as cumulative rainfall vs. time, each point where there is a
substantial change in slope (representing a change in rainfall
intensity) will represent a breakpoint. Breakpoint rainfall data
for 1990, 1991, and 1992 were calculated using hourly rainfall
data obtained from Nashua weather station.
Soil Characteristics Data, The model requires the division
of the soil profile into horizons. For each horJizon, the physical
properties such as soil type, particle densi~ty, bulk density,
porosity, percent sand, silt and clay have to be specified in
the model. These data were available for the site, being used
as input for the model. Also, many hydraulic properties are
required. However, it is possible to specify ordy a few parame-
ters in the model, that is, bulk density, 1/3 or 1/10 bar water
content and soil texture, and the model can estimate the re-
maining hydraulic parameters. Data on selected physical prop-
erties for the soils are given in Table l. "Fable 2 presents
some calibrated and other input parameters used for each
experimental plot and these data were adapted from Singh et
al. (1996).
Pesticide Management and Parameters. The pesticide pa-
rameters such as half-life, solubility, vapor pressure, sorption
constant for soil organic matter (Ko~), among others, are re-
quired as inputs to the model. All required parameters for
atrazine were obtained from the EPA on-line pesticide data
base, except half-life and Ko~ values that were calibration
parameters, and are given in Table 3. Application control
parameters such as number of pesticide applications and corre-
sponding dates, method of application, and the amount of
active ingredient applied, are needed as inputs to the model.
Tillage Management Parameters. The model requires the
number of tillage operations and their corre.sponding dates.
For each tillage operation, the effective depth and tillage inten-
sity have to be specified. This information ’was collected at
the Nashua water quality site and was used as input to the
model.
Initial Conditions. The RZWQM requires the input of
initial conditions for soil layer system (both physical and
chemical), thus, for each soil horizon the following parameters
has to be specified: soil moisture content, soil temperature,
soil equilibrium chemistry, nutrient chemistry, and pesticide
concentrations. These data were either taken from the literature
or collected at the experiment station and used as inputs to
the model. Singh et al. (1996) have given data on initial soil
water content for 1990, 1991, and 1992. Initial temperatures
and chemistry profiles were taken from the literature. Initial
atrazine concentrations in a given year were estimated from
available data on soil atrazine concentrations at the end of the
growing season for the previous year. Assumptions were made
that minimal changes occurred in the atrazine concentrations
in the soil profile during the winter period as about 75 to 90 cm
of soil profile was completely frozen. Therefore, the atrazine
concentrations for the month of November of 11989, 1990, and
1991 were used as initial conditions for the month of April
of 1990, 1991, and 1992, respectively.
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Soil depth, cm
Soil properties 0-10 10-20 20-30 30-45 45-60 60-90 90-120 120-150
Kenyon soil
% Sand 44 34 37 45 45 45 46 45
% Silt 37 42 38 28 28 26 27 28
% Clay 19 24 25 27 27 29 27 27
Bulk density, g/cm3 1.5 1.5 1.5 1.5 1.6 1.7 1.7 1.8
% Organic C 2.0 - - 0.6 - 0.2 0.2 -
Floyd soil
% Sand 35 37 37 38 38 42 60 34
% Silt 42 39 39 38 38 38 30 38
% Clay 23 24 24 24 24 20 10 28
Bulk density, g/cm3 1.4 1.4 1.4 1.4 1.4 1.5 1.7 1.7
% Organic C 2.9 - - 0.9 - 0.3 0.2 -
Readlyn soil
% Sand 36 36 37 46 46 44 45 45
% Silt 41 41 40 27 27 28 29 33
% Clay 23 23 23 27 27 28 26 22
Bulk density, g/era3 1.5 1.5 1.5 1.5 1.5 1.6 1.7 1.7
% Organic C 2.4 - - 0.9 - 0.3 0.2 -
METHODS AND MATERIALS
Calibration and Evaluation Procedure
The model was calibrated and evaluated using experimental
data from six different experimental plots with two different
tillage systems (three no-till plots and three moldboard plow
plots) that had been under continuous corn since 1978. Major
pesticide parameters calibrated in this study were pesticide
half-life and soil Ko~ for atrazine. Data for 1990 were used to
calibrate RZWQM, so that model could be used to predict
atrazine concentrations in the soil profile in subsequent years.
The difference between the observed and simulated atrazine
concentrations in the soil profile, for all the years, was mini-
mized, and the best values of atrazine half-life and Ko~ were
found. The model was calibrated in two different stages. Atra-
zine half-life was calibrated first, considering two different
values (40 and 60 d). Weed et al. (1995) calculated half-life
values for atrazine of 40 and 55 d using a two-compartment
model and a first-order model, respectively for the study site
used in this study. Both calculated values describe well the
dissipation of atrazine for these soils, thus similar values were
considered for the calibration of RZWQM.
After selecting the best value for half-life (40 d), two different
Koc values (100 and 180) were used to simulate atrazine concen-
trations in the soil profile. The calibrated half-life and K~
values for 1990 are given in Table 3. The hydrologic and plant
growth parameters of the model were previously calibrated by
Singh et al. (1996) and were used as such in this study. Atrazine
concentrations in the soil profile were predicted for 1991 and
1992 by using the calibrated parameters for 1990. Predicted
atrazine concentrations in the soil profile for 1991 and 1992
Table 2. Calibrated and other input parameters for each plot.
Soil Tillage LKsat DP,
Plot no. type treat, mm/h~" m~/m~
25 Kenyon NT§ 31.0 0.20
14 Readlyn NT 31.0 0.20
31 Floyd NT 32.0 0.20
Avg. 31.3 0.20
35 Readlyn MB 23.0 0.18
13 Floyd MB 23.0 0.19
22 Readlyn MB 23.0 0.18
Avg. 23.0 0.18
~" LKsat, lateral saturated hydraulic conductivity.
f DP, drainable porosity.
§ MB, Moldboard Plow; NT, No-Tillage; AVG, Average.
were compared with measured atrazine concentrations to evalu-
ate the model’s performance.
To evaluate the performance of RZWQM in predicting
atrazine concentrations in the soil profile, observed and simu-
lated concentrations were compared for each plot and evaluated
by calculating two statistical parameters of goodness-of-fit as
Green and Stephenson (1986) and Loague and Green (1991)
suggested. These two parameters were the ME and coefficient
of CD which are defined as below:
ME = max(IOi- Pi])~=I [1]
~ (Oi -- Om)2
CD = i=l [2]
~ (Pi - Om)2
i=l
where O~ represents the observed values, Pi represents the
predicted or simulated values and Om the average of observed
values. For ideal prediction, the values of ME and CD should
be equal to zero and one, respectively. The values of ME and
CD were statistically tested, using the t-test at 95 % confidence
interval (Steel and Torrie, 1980). The t-tests were performed
separately on the sets of pooled ME and CD values for all 3
Table 3. Calibrated and other input parameters for the pesticide
component.
Atrazine
Physioehemieal properties Molecular weight, g/tool 215.69
Lumped half-life, d’~ 40
Temperature at which half-life is
considered, °C 20
Henry’s law constant 1 x 10-s
Oxygen content during anaerobic
condRions, % 15
Water solubility, lxg/L 33
Daughter product formation
percentage 20
Equilibrium coefficients Kacid: Acid dissociation =
10(-pK’) 1 X 10-6
Kbase: base protonation =
10(-~gb) 0.012
Sorption constant for soil organic
matter, Koch" 100
Kinetic equilibrium constant for
adsorption, Ek2 0.0
Kinetic equilibrium constant for
removal from soil surface, Rk2 0.125
Calibrated values for 1990.
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50
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0
Day of year = 150
total atrazine (mg/kg)
0.50 1.00 1.50 2.00
Koc = 100
Half life = 40 days
-- simulated
¯ observed
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200 I 200
0.00
0
Day of year = 268
total atrazine (m~/kg)
0.50
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Half life = 40 days
-- simulated
¯ observed
1.00
50
lOO
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20O
Day of year = 303
total atrazine (mg/kg)
0.00 0,10 0.20 0.30
0
.~-_~ I ¯ I I
KOC =: 100
Half life = 40 days
-- simulated
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(a) (b) (c)
Fig. 1. Simulated and observed atrazine concentrations in the soil profile for no-till plot (plot 14) for the calibration year (1990). (a) day of 
= 150; (b) day of year = 268; (c) day of year = 
yr under each tillage system. The null hypothesis tested stated
that the ME and CD are equal to zero and one, respectively.
Also, the observed values were plotted against the simulated
values and the distribution of the points around the 1 : 1 line
that was used as an indicator of model performance.
Observed Data
Data on atrazine concentrations in the soil profile were taken
from the Nashua Water Quality Study Report (Kanwar et al.,
1993). These data were collected by taking soil samples from
different tillage plots at several depths (0-10, 10-20, 20-30,
30-45, 45-60, 60-90, 90-120, 120-150, and 150-180 cm
depths). This study site has 36 plots of 0.4 ha with four tillage
systems (moldboard plow, no-till, ridge till, and chisel plow).
Each tillage system had three replications with a long-term
tillage history (from 1978-1992) at this site. The water quality
study was conducted in the last 3 yr of the tillage history
(1990-1992) to evaluate the long-term effects of tillage 
NO3-N and pesticide transport through the soil profile. The
subsurface drainage system was installed in 1979 in all the
50
100
150
Day of year = 150
total atrazine (mg/kg)
0.00 0.50 1.00 1.50 2.00
0 ~--~-- I ~
¯
Koc = 100
Half life = 40 days
---- simulated
¯ observed
5O
lOO
150
200 200
Day of year = 268
total atrazine (mg/kg)
0.00 0,50
Day of year = 303
Koc = 100
Half life = 40 days
-- simulated
¯ observed
1.00 0.00 0.40
0
50
.¢= 100
150
200
total atrazine (mg/kg)
0.10 0.20 0.30
Koc = 100
Half life = 40 days
-- simulated
¯ observed
(a) (b) (c)
Fig. 2. Simulated and observed atrazine concentrations in the soil profile for moldboard plow plot (plot 35) for the calibration year (1990).
(a) day of year = 150; (b) day of year = 268; (c) day of year 
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plots. For each plot, one tile line was installed in the middle
of the plot, at 1.2 m below the surface, and two other tile
lines were installed at both borders of the plot at the same
depth. The two border tile lines were installed to avoid any
cross contamination from surrounding plots.
Soil samples were collected before planting, about 30 d
after chemical application, at the end of August or September
when crops were matured, and around 30 October or 1 Novem-
ber after harvest. Any effects of subsurface drainage and plot
edges were minimized by collecting soil cores from the center
25 % of each plot, avoiding the center row overlying the tile
line. Three sets of soil samples were collected from each plot
at three sampling locations at 15 m apart. A zero contamination
tube was used to remove soil cores (180 cm long and 2.5 cm
in diameter). The amount of soil compaction was measured
at 30 cm increments for each core. As the sampler was pushed
1.5
0.5
day 150
¯
//’/11:1 line
/
, I I
o 0.5 1
Observed
(a)
1.5
into the soil, the soil core slid into the zero contamination tube
made of polyethylene terephthalate, glycol-modified (PETG)
plastic to protect the soil from contamination. The resulting
opening in the soil profile was plugged with bentonite clay
granules. Soil cores were frozen promptly after collection.
Later, each of the three cores from a plot were cut into sections
representing 0 to 10, 10 to 20, 20 to 30, 30 to 45, 45 to 60,
60 to 90, 90 to 120, 120 to 150, and 150 to 180 cm depths.
The sections for each depth were then combined into a single
sample giving nine composite samples for nine depths for each
plot. Each sample was wrapped in aluminum foil, and sent to
the USDA-ARS National Soil Tilth Lab, Ames, IA for atrazine
analyses. Analysis procedure for atrazine is described in detail
by Weed et al. (1995). In this study, 3 yr of data (1990, 1991,
and 1992) atrazine concentrations in the soil profile were used
for model testing and evaluations. Data from only no-till and
0.5
0.3
0.0
o
/I1:1 line
0.25
Observed
0.5
(d)
MB 1"
¯ day 26~
!¯ " l: 1 line
0.0
0 0.25
Observed
0.5
0.5
NT
" l:l line0.3 ¯ 0..!-
~Ii /// ¯ ¯
0.0 ~/~
0 0.25
Observed
0.5
(e)
0.5
0,3
0.o
1"’" 1:1 line
0.5
= 0.3
0.0
day 303
¯ " ’" 1:1 line
0 0.25 0.5 0 0.25
Observed Observed
(c) (0
0.5
Fig. 3. Comparison between the observed vs. simulated atrazine concentrations in the soil profile and the 1:1 line for moldboard (MB) and
no-till (NT) plots during the calibration year (1990). (a) plot for Day 150;(b) MB plot for Day 268; (c) MB plot for Day 3 03; (d) N
plot for Day 150; (e) NT plot for Day 268; (f) NT plot for Day 
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Table 4. Values of maximum error (ME) to evaluate the prediction of atrazine concentration in the soil profile by l~ZWQM.
Tillage systems and plot numbers
No-till plots Moldboard plow plots
Year and day of
the year 14 25 31 Avg, SD 13 22 35 Avg. SD
1990
Day 150 0.59 0.61 0.61 0.60 0.01 0.89 1.02 1.50 1.13 0.32
Day 268 0.19 0.15 0.24 0.19 0.04 0.33 0.56 0.35 0.41 0.12
Day 303 0.14 0.13 0.31 0.19 0.10 0.26 0.09 0.12 0.16 0.09
1991
Day 266 0.36 0,35 0.42 0.37 0,04 0.39 0.41 0,24 0.34 0.09
Day 317 0.38 0,36 0.39 0.37 0.01 0.39 0.36 0,32 0.35 0.04
1992
Day 120 0.07 0.04 0.07 0.06 0.02 0.04 0.06 0.09 0.06 0.03
Day 175 0.75 0.71 0.79 0.75 0.04 0.19 0.18 0.18 0.18 0.01
Day 231 0.45 0.41 0.38 0.41 0.04 0.44 0.44 0.41 0.43 0.02
Day 307 0.35 0.37 0.37 0.36 0.01 0.38 0.37 0.37 0.37 0.01
moldboard plow plots (under continuous corn) were used for
evaluating the tillage effects on simulated atrazine concentra-
tions in the soil profile using the RZWQM. Atrazine was
surface applied at a rate of 2.8 kg-a.i./ha at the time of
planting to continuous-corn plots each year (1978-1992). The
application dates were 2 May for 1990, 28 May for 1991, and
6 May in 1992.
RESULTS AND DISCUSSION
The values for half -life and Ko~ were determined
to be 40 d and 100, respectively through calibration
procedure. Based on this Ko¢ value and soil organic C
data collected at the site, partitioning coefficients (Kd)
were calculated and used in the model.
Figure 1 shows the observed and simulated atrazine
concentrations in the soil profile for one of the experimen-
tal no-till plots (plot 14) for three sampling dates 
1990. For this year, the first sampling date (Day 150)
was immediately after pesticide application, the second
sampling date (Day 268) corresponded to the middle 
the growing season, and the third date (Day 303) was
after harvest. Figure 2 shows similar results for one of
the moldboard plow plot (plot 35). For both tillage
conditions and all the simulation days of 1990, the model
predictions were in the range of observed values, espe-
cially for the Day 150 immediately after pesticide applica-
tion. For Day 150, there were no significant differences
between predicted and observed values (t-test, 95 % con-
fidence interval) for both MB and NT systems. However,
for Days 268 and 303 the differences between observed
and predicted values were significant (t-test, 95 % confi-
dence interval). A visual analysis of Fig. 1 and 2 shows
that: (i) model correctly simulated total depth of atrazine
penetration in the soil profile, and (ii) the range 
simulated atrazine concentrations in the soil profile were
within the same order of magnitude as of observed atra-
zine concentrations. Figure 3 presents the distribution
of the observed and simulated values of atrazine concen-
trations around the 1:1 line for 1990. This figure shows
that model tends to overpredict the atrazine concentra-
tions in the soil profile. Table 4 shows the values of ME
for all the plots and all simulation days for 3 yr. For
1990, no-till plots show lower values of ME indicating
that model predictions were closer to the observed values
compared with the moldboard plots, except for the last
day of sampling for 1990 (after harves0. Also, the values
of ME improve with the sampling dates for 1990. How-
ever, this does not mean that model performance is
improving. Smaller values of atrazine concentrations for
several sampling dates resulted in smaller values of ME,
thus, ME improvements are not real. Maximum error
can be useful in comparing data for the same day. It
calculates the maximum absolute difference between ob-
served and predicted values. When atrazine concentration
values are very small, the ME will be small, even if the
error between observed and predicted values is high.
For the last sampling date of 1990, the model predicts
higher concentration of atrazine compared with the actual
Table 5. Values of coefficient of determination (CD) to evaluate the prediction of atrazine concentration in the soil profile by RZWQM.
Tillage systems and plot numbers
No-till plots Moldboard plow plots
Year and day of
the year 14 25 31 13 22 35
1990
Day 150 1.74 0.55 2.28 3.42 0.98 3.96
Day 268 0.63 0.35 0.13 0.02 1.71 1.43
Day 303 0.24 0.24 0.11 0.24 0.25 0.44
1991
Day 266 0.12 0.17 0.02 1.22 0.14 0.37
Day 317 0.20 0.05 0.03 0.03 0.02 0.15
1992
Day 120 2,49 1.99 1.98 3.43 3.05 2.30
Day 175 0.04 0.06 0,03 0.80 1.40 1.38
Day 231 0.02 0.02 0.02 0.02 0.20 0,11
Day 307 0.02 0.01 0.01 0.03 0.03 0,07
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Fig. 4. Simulated and observed atrazine concentrations i  the soil profile for no-till plot (plot 25) in 1991. (a) day of year = 266; (b) 
year = 317.
concentration in the soil profile. This shows that actual
atrazine degradation rate is higher compared with the
rate considered by the model. This can be statistically
accounted by the values of the CD presented in Table
5. For Day 303 of 1990, this value is very small indicating
that the model overpredicts atrazine concentrations.
For 1991, observed data from only two sampling dates
were available. These dates correspond to the middle of
the growing season (Day 266) and after harvest (Day
Day of year = 266
317). Figure 4 shows the predicted and measured atrazine
concentrations for the no-till plot (plot 15) for 1991.
Figure 5 presents similar results for the moldboard plow
plot (plot 35). For both days, the model tends to overpre-
dict atrazine concentrations in the soil profile. However,
considering the difficulty of predicting pesticides in the
soil profile, we can consider that the performance of the
model is satisfactory in predicting total depth of atrazine
penetration and range of atrazine concentrations for no-
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Fig. 5. Simulated and observed atrazine concentrations in the soil profile for moldboard plow plot (plot 35) in 1991. (a) day of year = 
(b) day of year 317.
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Fig. 6. Comparison between the observed vs. simulated atrazine concentrations in the soil profile and the 1:1 line for moldboard (MB) and
no-till (NT) plots in 1991. (a) MB plot for Day 266; (b) MB plot for Day 317; (c) NT plot for Day 266; (d) NT plot for Day 317.
till and moldboard plow tillage systems. For both dates,
the differences between simulated and observed values
were significant (t-test, 95% confidence interval). The
distribution of the observed values plotted against the
simulated values around the 1:1 line is presented in Fig.
6. Also, almost all the points are above the 1:1 line,
showing again that the model overpredicts atrazine con-
centrations in the soil profile. Tables 4 and 5, show
similar results on statistical parameters, and it is also
clear from the CD values that the model overpredicts
atrazine concentrations in the middle of the growing
season and after harvest.
For 1992, the first soil sample was collected before
pesticide application (Day 120), the second sample was
collected after pesticide application (Day 175), then 
the middle of the growing season (Day 231) and after
harvest (Day 307). Figure 7 shows observed and simu-
lated values of atrazine concentrations for the no-till plot
(plot 25) for 1992 and Fig. 8 presents similar results
for the moldboard plow plot (plot 22) for the same year.
The simulations for the pre-application date (Day 120)
show that atrazine concentration in the top soil layers
are higher than predicted by RZWQM for both tillage
systems. This is confirmed by the high value of CD
(Table 4) for all the plots, and the distribution of the
observed vs. predicted values above the 1:1 line (Fig.
9a and 9e). Again, the predicted and observed values
were in close agreement (Fig. 9b and 9f) shortly after
the pesticide application (Day 175). However, for all
the dates in 1992, there were significant differences
between predicted and observed values (t-test, 95 % con-
fidence interval). Similar to 1990 and 1991, the model
overpredicted atrazine concentration in the soil profile
for Days 231 and 307 of 1992.
The statistical analysis of pooled ME values for all
3 yr showed that ME was significantly different from
zero at the 95 % confidence interval (t-test) under both
NT and MB systems. Ideally, ME values should be equal
to zero (when predicted values are equal to observed
values). A similar test performed on pooled CD values
for all 3 yr showed that CD was significantly different
from its ideal value of one for NT but not for MB system.
The overprediction ofatrazine concentrations at deeper
depths (deeper than 20 cm) in the soil profile is probably
because of the fact that these simulations were based on
a simple partial displacement technique and macropore
flow was not taken into account. The macropore flow
component of RZWQM could not be used in this simula-
tion study because of lack of macropore data and malfunc-
tioning of macropore subroutine. In fact, in a normal
structured soil, macropore flow may be critical for chemi-
cal transport in subsurface environment (Kanwar et al.,
1985).
Observed subsurface drain flow hydrographs at Nashua
water quality site (Singh et al., 1996) indicate the occur-
rence of macropore flow. If a major portion of pesticide
is adsorbed in soil layer just below the surface, it may
not be available for transport via preferential flow which,
at times, may account for a substantial part of infiltration.
At the same time, because pesticide stays confined in
the upper soil layer its degradation is faster. Partial
displacement technique, on the other hand, pushes pesti-
cide deeper with each infiltration event where degradation
rates may be much slower. The atrazine movement
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Fig. 7. Simulated and observed atrazine concentrations in the soil profile for no-till plot (plot 25) in 1992. (a) day of year = 120; (b) day of
year = 175; (c) day of year = 231; (d) day of year = 307.
through the soil profile may be more accurately described
by the RZWQM by taking macropore flow into account.
Also, the same Koc and half-life values were used for all
three types of soils for the experimental site. According to
Seybold et al. (1994), Ko~ values varied considerably
between soils and with soil depth, and these variations
are attributed to intrinsic differences in organic matter of
distinct origin to adsorb atrazine and also are significant
contributions by clay minerals to adsorption in the lower
subsoil. The lack of availability of field data on Koc
values for various soil types and soil depths may have
resulted in the over and underprediction of atrazine con-
centrations in the soil profile. The model-performance
may be improved further by developing a better under-
standing about the variations in the pesticide transport
parameters (Ko~, and half-life) with depth.
Observed atrazine concentrations in the soil profile
for all 3 yr indicated that surface atrazine concentrations
were relatively higher (by approximately 30%) in 
plots than in NT plots. One possible reason for this may
be that during pesticide application larger amounts of
surface residue in NT plots intercepts a significant portion
of atrazine which is then dissipated faster. The simulated
atrazine concentrations in the soil profile, however,
showed similar trends for both tillage systems with re-
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Fig. 8. Simulated and observed atrazine concentrations in the soil profile for moldboard plow plot (plot 22) in 1992. (a) day of year = 120;
(b) day of year = 175; (c) day of year = 231; (d) day of year = 307.
gards to total depth of atrazine penetration and distribu-
tion within the soil profile.
CONCLUSIONS
This simulation study resulted in the following conclu-
sions:
1. The calibration and evaluation of RZWQM for two
tillage systems (no-till and moldboard plow) demon-
strated that: (i) the predicted depth of atrazine penetration
was in close agreement with observed depth of atrazine
penetration, (ii) the range of simulated atrazine concen-
tration in the soil profile was within the s, ame order of
magnitude as that of observed atrazine concentrations.
2. Various statistical parameters (ME, C,D, and t-test)
showed that there were significant differences between
pooled simulated and observed atrazine concentrations.
Atrazine concentrations were usually overpredicted, es-
pecially in the later part of the growing season.
3. Although observed atrazine concentration data
showed that atrazine concentrations were relatively
higher at the surface in MB than in NT system, the
model did not show any clear effect of tillage system on
simulated atrazine concentrations.
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Fig. 9. Comparison between the observed vs. simulated concentrations in the soil profile and the 1:1 line for moldboard (MB) and no-till (NT)
plots in 1992. (a) MB plot for Day 120; (b) MB plot for Day 175; (c) MB plot for Day 231; (d) MB plot for Day 307; (e) NT plot 
120; (f) NT plot for Day 175; (g) NT plot for Day 231; (h) NT plot for Day 
4. Model predictions can be improved by (i) accounting
for macropore flow effects on pesticide transport, (ii)
developing a better understanding of pesticide transport
parameters and their variation with depth, and (iii) ac-
counting for pesticide interception by surface residue,
especially in NT systems.
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